Introduction {#Sec1}
============

Skeletal muscle channelopathies are rare and heterogeneous genetic disorders caused by dysfunction of voltage-gated ion channels. These conditions are broadly classified as non-dystrophic myotonias (NDMs) and the periodic paralyses. Estimated prevalences range from 1 to 2.4/100000 in European cohorts \[[@CR1], [@CR2]\].

The NDMs are comprised of myotonia congenita (MC) due to mutations in the skeletal muscle chloride channel gene *CLCN1* encoding CLC-1 as well as paramyotonia congenita (PMC) and sodium channel myotonia (SCM) caused by mutations in the skeletal muscle sodium channel gene *SCN4A* encoding Na~v~1.4 \[[@CR3]\]. Chloride channel myotonia can be inherited in a recessive or dominant pattern (Becker's vs Thomsen's myotonia) while myotonia due to sodium channel mutations is always autosomal dominant. Clinically, myotonia is characterised by delayed muscle relaxation presenting with muscle stiffness, impaired mobility and even falls. Patients also frequently report pain, fatigue and weakness \[[@CR4]\]. Paediatric phenotypes include severe neonatal episodic laryngospasms (SNEL), which can be life threatening \[[@CR5], [@CR6]\]. Clinical symptoms can vary from mild to severe, with some patients only limited during certain parts of their life such as during pregnancy or when exposed to exacerbating factors like cold environment, while others have severe ongoing stiffness causing marked impairment of daily function and quality of life if untreated. Treatment therefore needs to be individualised with lifestyle changes and avoidance of triggers sufficient for some patients while many benefit from additional regular pharmacological intervention. Even in those who report being only relatively mildly affected, it can be worthwhile offering drug treatment as due to their lifelong affliction, some patients may be unaware how much myotonia is restricting their everyday life, which only becomes apparent with successful treatment. Evaluation of treatment is largely based on patient-reported improvement but the more formal myotonia behavior scale, the timed up and go (TUG) and sit-to stand time are useful indicators of treatment success even outside clinical research studies \[[@CR7]--[@CR9]\].

The periodic paralyses include hypokalaemic periodic paralysis (HypoPP), hyperkalaemic periodic paralysis (HyperPP) and Andersen-Tawil syndrome (ATS) all of which are autosomal dominantly inherited \[[@CR10]•\]. The ion channel genes involved are the skeletal muscle calcium channel gene *CACNA1S* encoding Ca~v~1.1 (HypoPP), the skeletal muscle sodium channel gene *SCN4A* encoding Na~v~1.4 (HypoPP and HyperPP) and the inward rectifying potassium channel gene *KCNJ2* encoding Kir2.1 (ATS), which is expressed in skeletal muscles but also present in other tissues explaining the multisystem involvement in Andersen-Tawil syndrome. Although pathophysiology and triggering factors vary between these different conditions, all periodic paralyses are characterised by intermittent episodes of flaccid muscle paralysis where the majority of skeletal muscle sodium channels are in an inactivated state, unable to facilitate an action potential and therefore rendering the muscle membrane inexcitable. Most patients have normal muscle strength in between attacks in the early stages but a sizable proportion develop more persistent muscle weakness linked to a vacuolar myopathy. There remains uncertainty whether active treatment of attacks of paralysis may reduce the incidence or severity of myopathy in later life. A strong trigger of an attack in all forms of periodic paralyses is excessive or unaccustomed exercise followed by complete rest, a maneuver which is exploited in the long exercise test as described by McManis \[[@CR11]\]. In this test, a focal attack of weakness is induced in an exercised hand muscle and this is demonstrated using neurophysiological measurements. Stress and lack of sleep are also common triggers but others are more specific to each form, e.g. fasting and intake of potassium-rich food are triggers in HyperPP and carbohydrate-rich food in HypoPP. Andersen-Tawil syndrome, the rarest form of periodic paralysis, is characterised by distinct physical features and cardiac arrhythmias in addition to attacks of muscle weakness, which are most often similar to those seen in HypoPP. A recent report from a registry of ATS analysed the cardiological aspects and treatment strategies and found that incidence of life-threatening arrhythmias was much higher than previously reported and that 24/118 patients (20%) required implantable cardiac defibrillator \[[@CR12]•\]. This review will focus on the treatment of the skeletal muscle symptoms.

Symptoms of both myotonia and periodic paralysis typically manifest in childhood and adolescence and can therefore limit school attendance and ability to engage in all activities \[[@CR13]\]. In addition to the long established phenotypes, we now also recognise rare forms of congenital myopathies and congenital myasthenic syndrome due to mutations in voltage-gated ion channel genes \[[@CR14]--[@CR16]\]. Indeed, there is a suggestion that mutations in the skeletal muscle sodium channel gene may be a cause of sudden infant death syndrome \[[@CR17]••\].

The diagnosis of a muscle channelopathy is based on clinical presentation, EMG findings including exercise protocols (see Fig. [1](#Fig1){ref-type="fig"}) and genetic analysis. Imaging, muscle biopsies and provocation of major attacks are not part of the routine work-up. Nevertheless, magnetic resonance imaging (MRI) shows promise as a monitoring tool. It can differentiate between irreversible weakness associated with fatty muscle replacement versus muscle oedema which is potentially treatable and may also be a biomarker of disease progression for clinical trials \[[@CR18]--[@CR20]\].Fig. 1**a** EMG trace of myotonic discharges in a patient with myotonia congenita. **b** Example of the of a long exercise test (McManis) in a patient with hypokalaemic periodic paralysis. CMAP amplitudes (solid dots) and area (empty circles) are first recorded at rest, this is followed by 5 min of isometric exercise of abductor digiti minimi. After exercise, the muscle is completely at rest with ongoing CMAP recordings over 50 min. During this time, the CMAP initially increases and then shows significant gradual decrement until the end of the recording. A decrement of \> 40% calculated from the maximum CMAP amplitude during or after exercise is considered abnormal; in this example, CMAP amplitude showed a decrement of 58% from peak.

This review will focus on the recent evidence and current treatment options of inherited skeletal muscle channelopathy with an overview of drugs, doses and level of evidence provided in Table [1](#Tab1){ref-type="table"}.Table 1Drugs in current use for skeletal muscle channelopathies, cost estimates according to British National Formulary version 2.1.33 (2020050601) updated on 6th May 2020 level of evidence according to OCEBM Levels of Evidence Working Group. "The Oxford 2011 Levels of Evidence". Oxford Centre for Evidence-Based Medicine. <http://www.cebm.net/index.aspx?o=5653>DrugLevel of evidenceDoseContraindicationSide effectsMonitoringCommentsCost/cost-effectivenessMyotonia  MexiletineLevel I150 mg bd up to 200 mg tds, occasionally 300 mg tdsCardiac diseaseDyspepsia, dizziness, headache, palpitations, nausea, syncopeECG baseline and after dose change, electrolytesAvoid in pregnancy but consider in 3rd trimesterApprox. £50,000/year for 500 mg/day  LamotrigineLevel II25 mg daily titrated up to 300 mg dailyHeadache, skin rash, muscle pain and fatiguen/aApprox. £61 for 100 mg/day  AcetazolamideLevel IV125--1000 mg/dayAcidosis, hypokalaemia, hyponatraemiaParesthesia, fatigue, mild cognitive disturbance, nephrolithiasisBaseline and annual renal US, electrolytesConsider if pain prominentApprox. £112/year for 500 mg/day  CarbamazepineLevel III100 mg bd up to 1.2 g/dayAcute porphyria, cardiac arrhythmias, bone marrow suppressionDizziness, ataxia, drowsiness, nausean/aApprox. £53/year for 400 mg/day  FlecainideLevel IIIFrom100 mg per day, titrate to 100 mg bdCardiac diseaseBlurred vision, worsen congestive heart failure, arrhythmiasFrequent ECG monitoringFirst line for SNEL, consider in Mexiletine unresponsive SCMApprox £115/year for 200 mg/day  RanolazineLevel III500 mg bd to 1000 mg bdHeart failure, prolonged QT intervalConstipation, headache, dizzinessECG baselineApprox £1300/year for 2000 mg/dayPeriodic paralysis  AcetazolamideLevel III125--1000 mg/dayAcidosis, hypokalaemia, hyponatraemiaParesthesia, fatigue, mild cognitive disturbance, nephrolithiasisBaseline and annual renal US, electrolytesApprox. £112/year for 500 mg/day  DichlorphenamideLevel I50--200 mg/dayAcidosis, hypokalaemia, hyponatraemiaParaesthesia, fatigue, mild cognitive disturbance and nephrolithiasisBaseline and annual renal US, electrolytes\*  K^+^ sparing diuretic (for HyoPP)Level IVSpironolactone 25--100 mg/dayAmiloride 5--20 mg/dayTriamterene 50--150 mg/dayAddison's disease, hyperkalaemiaGastrointestinal, dry mouth, dizziness, hyperkalaemia, specifically with spironolactone - gynaecomastia, menstrual disturbance and erectile dysfunctionElectrolytesNo evidence of superiority for single drug, choice dictated by availability and side effect profileSpironolactone 25 mg/day approx. £16/year, Amiloride 5 mg/day approx. £442/year, Triamterene 50 mg/day approx.. £510/year  Thiazide diuretics (for HyperPP)Level IVHydrochlorothiazides 25 mg--100 mg/dayBendroflumethiazide 2.5--10 mg/dayAddison's disease, hypercalcaemiaHypokalaemia, hyponatraemia, symptomatic hyperuricaemiaGastrointestinal, dizziness, dry mouthElectrolytesBendroflumethiazide 2.5 mg/day approx.. £8/year  Potassium supplementLevel IV1 mEq/kg up to 200 mEq/day (acute attack)30--60 mEq/day, not exceeding 100 mEq/day (prophylaxis)Hyperkalaemia, heart block, gastric ulcersHyperkalaemia, gastrointestinalElectrolytesSustained release preparation for prophylaxis but to avoid in acute attack\*\*\*Dichlorphenamide not listed in British National Formulary, high cost\*\*Oral potassium supplements not listed in BNF, low cost

Treatment of myotonia {#Sec2}
=====================

Pathophysiology {#Sec3}
---------------

Physiologically myotonia can be interpreted as an increase in muscle membrane excitability. On a channel level, this is due to gain of function with respect to sodium channel mutations or loss of function in the case of chloride channel mutations. Pharmacological treatment therefore theoretically could aim at increasing chloride conductance and/or reducing sodium channel openings. In practice, there have been no successful chloride channel openers and the majority of pharmacological agents used to treat myotonia are sodium channel blockers regardless of whether this is the primary underlying abnormal channel.

Voltage-gated skeletal muscle sodium channels open rapidly in response to the neuromuscular endplate depolarisation reaching a certain threshold. This mediates an immediate sodium influx reflected in the fast upstroke of the action potential. Sodium channels then become rapidly inactivated (fast inactivation) and are unavailable for further opening until membrane repolarisation has occurred and the channel returns to a resting conformation. In skeletal muscle, repolarisation occurs via voltage-gated potassium channels opening in response to membrane depolarisation. Skeletal muscle cells are very large structures and require the T-tubule system (membrane invaginations) in order to allow the action potential and excitation-contraction coupling to occur simultaneously throughout the whole cell. While T-tubules are connected to the extracellular space, they represent a diffusion barrier and potassium exiting the cell during repolarisation accumulates and becomes a depolarising factor as the reversal potential for potassium is shifted. This is counterbalanced by chloride channels. In the context of reduced chloride conductance, the after-depolarisation generated by the potassium accumulation is sufficient to elicit bursts of spontaneous action potentials which present as myotonia. The after-depolarisation also enhances a different type of sodium channel inactivation (slow inactivation) which may be the reason why myotonic discharges discontinue after a period of time following contraction and may explain the phenomenon of warm-up, a lessening of muscle stiffness experienced by patients with repeated muscle activation, most commonly seen in myotonia congenita. Enhancement of both fast and slow inactivation of sodium channels is the most prominent drug treatment targets at present.

### Diet and lifestyle {#Sec4}

#### Non-dystrophic myotonia {#FPar1}

Exercise or rest after exercise can be a major trigger of myotonia but some activity is essential for a healthy lifestyle. It is important therefore to find a balance between activity that can be accomplished without provoking symptoms and inactivity, which can not only exacerbate myotonia but also lead to an increased risk of other co-morbidities. Reassuringly, endurance training improved fitness and maximal workload performance in six patients with myotonia congenita but did not change myotonic symptoms in a clinical trial of stationary bike training for up to 30 min, 3 times a week for 10 weeks \[[@CR21]\]. This is in line with growing evidence of safety of exercise in a range of neuromuscular conditions \[[@CR22]\]. Patients with myotonia should avoid sudden forceful contraction, i.e. sudden movement and instead gradually increase activity to promote warm-up. Patients who experience paradoxical myotonia (PMC, HyperPP and some with SCM) may require rest periods during certain activities but they often also experience profound cold exacerbation which can be mitigated by choosing appropriate clothing and preference for indoor activities during colder seasons. This advice is probably equally applicable to most patients with myotonia as cold was also reported to exacerbate symptoms in over 60% of those with myotonia congenita in a prospective study \[[@CR23]\]. A particular risk is swimming in cool water where an increase in stiffness could be life threatening.

Alteration in diet does not affect the majority of patients with myotonia but some patients with underlying sodium channel mutations including those also suffering from HyperPP may be sensitive to a potassium-rich diet \[[@CR23]\].

### Pharmacologic treatment {#Sec5}

#### Pharmocological treatment of myotonia {#FPar2}

MexiletineMexiletine is considered the first-line drug in the treatment of non-dystrophic myotonic disorders \[[@CR24]\] and has relatively recently been licenced in Europe for this indication with orphan drug designation. While this has resulted in a more reliable supply, it has also increased the cost significantly which may be prohibitive for some prescribers. Mexiletine is a class Ib antiarrhythmic voltage-gated sodium channel blocker, that was initially developed as a treatment for ventricular arrhythmias with subsequent use in long QT syndrome. It is favoured over other class Ib drugs such as lidocaine and tocainamide due to its better side effect profile. Its main action is through enhancement of the fast inactivation of sodium channels resulting in use-dependent block. Mexiletine interacts with a number of sodium channel isoforms and has similar affinities to Na~v~1.4 in skeletal muscle and Na~v~1.5 in cardiac muscle explaining the antimyotonic and antiarrhythmic properties \[[@CR25]\]. Mutations specifically around the pore region may affect binding of mexiletine and this could explain some of the lack of effect in patients with certain types of sodium channel mutations (HyperPP, PMC, SCM) \[[@CR25]--[@CR29]\].A randomised, double-blind, placebo-controlled, cross-over, multi-centre study of 59 patients with NDM showed that mexiletine 200 mg three times a day significantly reduced patient-reported stiffness and handgrip myotonia on clinical exam and increased quality of life scores \[[@CR30]\]. Gastrointestinal complaints were the most common side effects affecting 38% of the subjects. Two participants experienced transient bradycardia but these did not require stopping the treatment. Randomised controlled trials can be a difficult undertaking in rare conditions due to the patient numbers required but an elegant aggregated N-of-1 trials study design also supported the effectiveness of mexiletine \[[@CR31]••\]. This trial design may be beneficial for evaluating interventions in other chronic rare diseases. It is possible that mexiletine may improve transient weakness in recessive myotonia congenita as well \[[@CR32]\], but this was not specifically assessed in the above trials. An earlier single-blind placebo-controlled trial comparing mexiletine with three other antimyotonic drugs in a mixed group of patients with dystrophic and non-dystrophic myotonia also showed mexiletine to be effective in symptom control \[[@CR33]\].A retrospective cohort study examined side effects of long-term mexiletine use (mean follow-up of 4.8 years) in skeletal muscle channelopathies \[[@CR34]\]. One or more adverse events were reported by around 52% of patients. Dyspepsia was the most common symptom but adjunctive treatment with proton pump inhibitors ameliorated this in most. Other adverse events were headache, palpitations, nausea and syncope but there were no serious adverse events and all side effects resolved when medication was discontinued \[[@CR34], [@CR35]\]. ECG parameters between baseline and highest mexiletine dose levels did not change significantly and overall frequent ECG monitoring when on a stable dose of mexiletine was not deemed necessary. Instead, it was recommended that an ECG may be performed if not done within the past 2 years or with every dose change.LamotrigineLamotrigine, an anticonvulsant drug, is a voltage-gated sodium channel blocker. It can reduce muscle membrane hyperexcitability by slow binding to the fast-inactivated state of voltage-gated sodium channels and shifting of the voltage-gated dependence of inactivation to more negative potentials \[[@CR36]--[@CR38]\]. Lamotrigine has been investigated in a double-blind, cross-over randomised placebo-controlled trial of 26 patients with genetically confirmed myotonia congenita and paramyotonia congenita \[[@CR39]•\]. Oral lamotrigine was given once daily at increasing doses from 25 to 300 mg over 8 weeks. The self-assessed myotonia severity according to the Myotonia Behavior Scale (MBS) reduced by 29% with the number needed to treat 2.6. The effect size was unrelated to genetic diagnosis. Lamotrigine also improved clinical myotonia and quality of life in SF-36 domain of a physical function. The most common side effects were headache, skin rash, muscle pain and fatigue, which were considered acceptable and reversible after stopping the medication. Lamotrigine presents a suitable alternative if mexiletine is not effective (as it acts in a different manner), or if its use is prohibited by side effects or cost.AcetazolamideAcetazolamide is a carbonic anhydrase inhibitor and its main use in skeletal muscle channelopathies is for the prophylactic treatment of periodic paralysis. It does, however, also have some antimyotonic properties demonstrated in a small open-label study of nine patients with NDM \[[@CR40]\] as well as other case reports of chloride and sodium channel myotonias \[[@CR4], [@CR41], [@CR42]\]. Indeed, one form of sodium channel myotonia has been labelled acetazolamide-responsive myotonia because of the effectiveness of the drug \[[@CR43]\]. It has been suggested that the drug has a direct effect on skeletal muscle chloride channels resulting in an increase in chloride conductance due to intracellular acidification \[[@CR44]\]. It can be a useful choice in patients with overlapping symptoms of periodic paralysis and myotonia. In our experience, acetazolamide can also be helpful if there is prominent pain associated with myotonia especially if used in combination with mexiletine. A pre-treatment renal ultrasound scan and yearly ultrasound monitoring are strongly recommended due to the increased risk of nephrolithiasis especially in those over the age of 40 \[[@CR45]•\].CarbamazepineCarbamazepine has been in use for decades as an anticonvulsant and is an archetypal voltage-gated sodium channel blocker. There are case reports with both sodium and chloride channel--related NDM showing an improvement with carbamazepine \[[@CR46]--[@CR49]\]. Many of these are from the paediatric field, possibly a reflection that paediatric neurologists are more comfortable with using carbamazepine, which is a common anticonvulsant, at a younger age compared with other sodium channel blockers. A small double-blind controlled trial of carbamazepine versus diphenylhydantoin in six patients with myotonic dystrophy also demonstrated the antimyotonic effect of carbamazepine \[[@CR50]\].FlecainideFlecainide is a class Ic antiarrhythmic drug. In vitro evidence points towards specific block of human skeletal muscle sodium channels during repetitive depolarization with higher potency compared with mexiletine \[[@CR51], [@CR52]\]. Although quite effective, there is some hesitation in using this drug due to the well-known pro-arrhythmic risk in patients with structural heart problems based on the Cardiac Arrhythmia Suppression Trial study result \[[@CR53]\]. The incidence for cardiac disease increases with age and as treatment of myotonia is often lifelong, this risk increases over time which probably explains why there are several case reports detailing the benefits but in practice, number of patients with NDM on long-term flecainide treatment is low. The clinical evidence for flecainide is based on case reports mostly in patients with sodium channel mutations including long-term follow-up data of a family of eight patients with PMC \[[@CR54]--[@CR56]\]. A recent pharmacogenetic study demonstrated that *SCN4A* mutations clustered near the fast inactivation gate of Na~v~1.4 resulted in reduced inhibition by mexiletine (which stabilises the fast-inactivated state) but mutant channels remained sensitive to flecainide, which binds preferentially to open sodium channels and its effect is less dependent on fast inactivation gating \[[@CR57]•\]. Examples include the common PMC mutation p.T1313M and the SCM mutation p.G1306E often associated with a severe myotonic phenotype (myotonia permanens). The latter mutation is also a common cause of severe neonatal episodic laryngospasm (SNEL) for which flecainide can be regarded as the first-line treatment \[[@CR6], [@CR56], [@CR58], [@CR59]\]. Nevertheless, the propensity for triggering life-threatening arrhythmias was illustrated by a recent case report of a patient with SCM due to p.G1306E and Brugada syndrome \[[@CR60]\] and careful ECG monitoring is essential.RanolazineRanolazine, an anti-anginal drug, demonstrated antimyotonic properties in both myotonic congenita and paramyotonia congenita model \[[@CR60]--[@CR62]\]. In contrast to mexiletine and lamotrigine, which enhance fast inactivation of voltage-gated sodium channels, ranolazine enhances slow inactivation and blocks persistent voltage-dependent sodium inward current \[[@CR61]--[@CR65]\].An open-label pilot study of thirteen patients with MC treated with ranolazine resulted in significantly improved self-reported severity of stiffness and reduced myotonia duration on electromyography. Measurements were compared between baseline and four weeks. The initial dose was 500 mg twice a day which was titrated to a maximum dose of 1000 mg twice a day. \[[@CR66]•\] The same group demonstrated efficacy in a similarly designed open-label trial of ten patients with paramyotonia \[[@CR67]•\] with additional significant effect on weakness and pain. Side effects in both trials were mild (constipation and light headedness) and led to dose restriction in one patient in each trial.MiscellaneousThere are a number of other agents with reports of antimyotonic properties mostly demonstrated in small studies or case reports of myotonic dystrophy patients, including antiarrhythmics tocainamide and procainamide; anticonvulsants such as phenytoin, antidepressant medications imipramine, clomipramine and amitriptyline; and other agents including taurine, quinine, dantrolene and dehydroepiandrosterone sulfate \[for review, see [@CR68]\]. Most of these are now obsolete based on alternatives with better effect and side effect profile and some have been withdrawn altogether.TrendsWhile there are a number of treatment options for myotonia, not every patient achieves optimal symptom control due to lack of efficacy, side effects and contra-indications precluding the use of some drugs or simple lack of access or high cost. The need and search for additional antimyotonic compounds therefore continues.Safinamide is a known neuronal sodium channel blocker which has been used as an add-on therapy for Parkinson's disease. A recent report strongly suggests it has potential as an antimyotonic disorder based on its performance both in in vitro cell models as well as in a rat model \[[@CR69]•\]. The mechanism appears to be similar to mexiletine with possibly higher potency and the effect in the in vivo rat model occurred at a plasma level of concentration which has been shown to be safe and tolerable in humans. Further studies will be required to investigate this potential alternative myotonia treatment.Rilulzole and lubeluzole, two benzothiazolamines with known voltage-gated sodium channel blocking effects, have also shown promising antimyotonic properties in a rat myotonia model \[[@CR52]\]. There is concern about QT prolongation with lubeluzole but riluzole has a good safety profile as a licenced drug used in patients with motor neuron disease. Its neuroprotective activity is thought to be mediated via inhibition of persistent sodium current, a mechanism which may also reduce muscle hyperexcitability \[[@CR70]\].Experimental studies have shown that reduced concentrations of extracellular Mg^2+^ and Ca^2+^ ions exacerbate myotonia due to toxin-induced ClC-1 chloride channel inhibition in isolated human \[[@CR71]\] and rat \[[@CR72]\] skeletal muscle fibres. Even small concentration shifts within the range of normal had an effect on myotonia severity thought to be due to a depolarizing shift in the Na~v~1.4 activation \[[@CR72]\]. A single case report showed Mg^2+^ supplementation helped reduce weakness and myotonia in a patient with an autosomal dominant sodium channelopathy due to the SCN4A p.I693T mutation with clinical phenotype overlap between paramyotonia congenita and hyperkalaemic periodic paralysis \[[@CR73]\]. This 19-year-old male patient also had childhood-onset aplastic anaemia treated by multiple courses of immunosuppressive therapy and then an allogeneic hematopoietic stem cell transplant. Post-transplantation symptoms of episodic muscle weakness and myotonia were aggravated in the setting of hypomagnesemia and hypocalcemia. Replacement of Mg^2+^ to the normal reference range not only restored the serum magnesium but also the serum calcium level and helped the patient remain symptom-free more than 18 months.

### Pregnancy and anaesthetic considerations {#Sec6}

Pregnancy and menstruation can be regarded as aggravating factors of both myotonia and periodic paralysis \[[@CR23], [@CR74]\]. Pregnancy can worsen myotonia symptoms in up to 62% of cases but this resolves in 98% after pregnancy although it can sometimes take several months \[[@CR75]\]. Symptoms may be more apparent in sodium channel compared with chloride channel--related myotonia \[[@CR23]\]. Pharmacological treatments are usually discontinued during pregnancy either because of evidence of teratogenicity (e.g. carbamazepine \[[@CR76]\], or acetazolamide \[[@CR77]\]) or lack of evidence for safety. This contributes to the deterioration in symptoms. In severe cases, this needs to be balanced with the increase in risk to the mother and her offspring secondary to falls and reduced mobility. In particular, in the later stages of pregnancy, the risk/benefit ratio may be more in favour of treatment aiming to find the lowest effective dose \[[@CR78]\]. Options include lamotrigine and mexiletine. A large amount of data in relation to lamotrigine in pregnancy is available from experience in epilepsy \[[@CR74], [@CR76]\] suggesting an increase in the risk of autism but no association with major congenital malformation. Mexiletine crosses the placenta and is excreted in breast milk but animal studies have not shown signs of teratogenicity. Cases have been reported of using mexiletine during pregnancy without adverse event \[[@CR79], [@CR80]\].

During labour as well as generally for any surgical intervention, it is beneficial that the room temperature is not cold and care must be taken to maintain normothermia (e.g. by using forced air warming devices and warmed IV fluids if necessary) and normal hydration. Where possible, it is advisable that the mother be able to mobilise and walk around if she wishes during labour as prolonged bed rest can exacerbate myotonia. Monitoring of electrolytes in particular serum potassium levels to prevent hyperkalaemia may be necessary. The depolarising muscle relaxant succinylcholine can elicit a myotonic crisis including masseter and laryngospasms potentially compromising airways and is therefore contraindicated. Use of non-depolarising muscle relaxants should be minimised in particular in those patients with persistent or intermittent attacks of weakness (PMC and HyperPP). If required, short-acting agents and lower doses are recommended as anticholinesterase drugs to reverse neuromuscular blockage can precipitate myotonia. Volatile anaesthetics as well as propofol are safe to use; indeed, the latter may have some direct antimyotonic properties \[[@CR81]\].

Treatment of periodic paralysis {#Sec7}
===============================

Pathophysiology {#Sec8}
---------------

In all types of periodic paralysis, attacks of muscle weakness are characterised by partial depolarisation of the muscle fibre membrane causing the majority of voltage-gated sodium channels, Na~v~1.4, to become inactivated therefore rendering the membrane inexcitable (for review, see \[[@CR82]•\]). In hyperkalaemic periodic paralysis, this is due to gain of function mutations in the voltage-gated sodium channel genes themselves, causing an increased inward sodium current leading to depolarization. The defect in ATS involves the inward rectifying potassium channel Kir2.1. This class of channels carries the majority of the potassium current at hyperpolarised membrane potential and loss of function mutations destabilise the resting membrane potential and allow for partial depolarization. The final and most common mechanism is the gating pore leak---a small inward cation current created due to substitution of positively charged amino acids within the voltage-sensing segments of the calcium and sodium channels. This current does not change the resting membrane potential dramatically but alters the behavior in response to low extracellular potassium. Under normal circumstances, the muscle membrane can tolerate quite low levels of potassium before exceeding the capacity of inward rectifying potassium channels to counteract the rising leak current introduced by the increasing hyperpolarisation of the membrane. Eventually, however, with extremely low serum potassium concentration, the membrane undergoes paradoxical partial depolarization, a state where voltage-gated sodium channels are inactivated and the membrane is inexcitable. In patients with HypoPP mutations, this state can be triggered with relatively mild lowering of serum potassium.

Treatment of periodic paralysis involves both interventions to abort or ameliorate an acute attack of weakness as well as preventative strategies.

### Diet and lifestyle {#Sec9}

The strongest trigger of a paralytic attack in any form of periodic paralysis is excessive exercise followed by rest. The most important advice is therefore for patients to adhere to 'warming-up' as well as 'warming-down' with any type of exercise. If possible, activities should be scheduled earlier in the day and avoided before bedtime. Gentle exercise however, e.g. walking, can be utilised to abort an impending attack if the onset is recognised at an early stage. Other common triggers are alcohol, stress and lack of sleep, perhaps part of the reason why attacks tend to be more frequent during adolescent and young adulthood \[[@CR10]•, [@CR83]\].

Diet is another modifiable trigger for many. Patients with HypoPP should avoid high carbohydrate loads, which stimulate insulin secretion, which in turn can drive serum potassium from the extra to the intracellular compartment and trigger muscle weakness. In contrast, patients with HyperPP should avoid potassium-rich diets and fasting. Carbohydrate-containing snacks can be beneficial in acute HyperPP attacks but are not recommended as a long-term treatment strategy. Diet advice for patients with ATS generally follows HypoPP advice. A food and lifestyle diary can be useful in patients with frequent attacks to identify triggers.

### Pharmacologic treatment {#Sec10}

Carbonic anhydrase inhibitorAcetazolamide and dichlorphenamide are carbonic anhydrase inhibitors (CAI) and are widely used for prevention of periodic paralysis attacks. The enzyme carbonic anhydrase converts carbonic acid to carbon dioxide and water in the renal tubular lumen and carbon dioxide and water to carbonic acid in the proximal convoluted tubule cell. CAI decrease carbon dioxide reabsorption, as well as proton formation in proximal convoluted tubule (PCT), and increase urinary bicarbonate excretion leading to a metabolic acidosis.Acetazolamide and later dichlorphenamide have been routinely used for HypoPP and HyperPP for many years \[[@CR10]•\]. The mechanism of action has been debated. The original rationale for using the drug was its effect as a mild potassium-wasting diuretic which was thought to be beneficial in hyperkalaemic periodic paralysis \[[@CR84]\] but it was later found to be beneficial in all types of familial periodic paralysis \[[@CR85]\] suggesting a different mechanism with metabolic acidosis and/or a direct effect on calcium-activated potassium channels suspected \[[@CR10]•, [@CR86]\]. Alteration of intra- and extracellular pH can affect channel gating and this effect can be influenced in addition by mutations (e.g. lower intracellular pH resulted in normalising pH-sensitive Na^+^ channel behavior in the R669H and R672H HypoPP mutations \[[@CR87]\]). Indirect evidence for the mechanism of action of CAI comes from a recent study which showed that prolonged and excessive exercise may produce local acidosis and abrupt recovery can induce a transient loss of force in mouse models \[[@CR88]•\].Although acetazolamide was the first CAI used successfully in periodic paralysis and despite (or perhaps because) it remains easily accessible and affordable because it is licenced for other indications, the level of evidence is better for dichlorphenamide with two randomised controlled trials showing efficacy for attack reduction \[[@CR89], [@CR90]\] while evidence for acetazolamide is mostly based on case reports and series and non-randomised single-blind studies \[[@CR10]•, [@CR91]\]. Both drugs work well for many patients although a higher response rate was seen in HypoPP patients with *CACNA1S* mutations compared with those with *SCN4A* mutations (56% versus 15% response, respectively), likely related to specific genotype (type of amino acid substitution) rather than the gene involved \[[@CR92]\]. The most common side effect apart from transitory paraesthesiae is slowed cognition which led to dose reduction and some drop outs in the randomised controlled trials of dichlorphenamide. A worsening of attacks has been reported in particular associated with HypoPP sodium channel mutations \[[@CR89], [@CR93]\]. A small placebo-controlled cross-over trial of eight patients with HypoPP and acetazolamide demonstrated overall improved muscle strength with treatment but was not powered or of sufficient length to assess attack frequency \[[@CR94]\].Some of the CAI's side effects such as paresthesia, fatigue and mild cognitive disturbance can be minimised by gradual titration of the dose and using the minimum effective dose if necessary by introducing combination therapy with diuretics \[[@CR95]\]. However, CAI use carries a clear risk of nephrolithiasis, with acetazolamide reported to show an increase by 15% within 1.5 years after initial treatment, which was not related to dosage \[[@CR96]\]. A baseline renal ultrasound scan should therefore be performed before commencing CAI therapy and annual monitoring may reduce acute presentation with ureteric obstruction from urolithiasis \[[@CR45]•\].Diuretics and potassiumDiuretics that alter serum potassium levels have been used to treat periodic paralysis effectively. In HypoPP, a potassium-sparing diuretic such as spironolactone lowers the chance of hypokalaemia, and, as a result, can reduce HypoPP attacks \[[@CR10]•\]. Many patients are also given regular potassium supplementation for the treatment of HypoPP although there are no controlled studies to support this practice.Conversely, HyperPP potassium-wasting diuretics, such as hydrochlorothiazide or bendroflumethiazide, prevent hyperkalaemia and are effective in reducing the number of HyperPP attacks \[[@CR97]\].The use of diuretics and potassium supplement as prophylactic agents does require regular monitoring of serum electrolytes especially when initiating treatment and after dose alterations.More recently, bumetanide, a loop-diuretic agent and Na^+^/K^+^/Cl^−^ cotransporter (NKCC1) antagonist, has been identified as a potential new treatment for HypoPP. Mouse models of HypoPP (both Na~V~1.4 and Ca~V~1.1 mutants) demonstrated that bumetanide can inhibit Na-K-Cl cotransporter thereby limiting the intracellular chloride concentration rise associated with repeated action potentials, leading to muscle fibre membrane stabilisation in a low extracellular potassium state. This helped to prevent the development of weakness and could induce recovery of force during an established attack \[[@CR98], [@CR99]\].We have conducted a randomised, double-blind, placebo-controlled phase II clinical trial of bumetanide to rescue an attack of weakness in HypoPP (EudraCT number 2013-004195-36). This study included ten patients with symptomatic disease and genetically confirmed *CACNA1S* mutations. A localised attack of weakness was induced by 5 min of isometric abductor digit minimi exercise followed by rest and defined as 40% CMAP (compound muscle action potential) amplitude decrement compared with the peak CMAP amplitude during or after the exercise. The results showed no statistically significant difference in the mean CMAP percentage of peak amplitudes between the bumetanide group and the placebo group 1 h after drug intake (the main outcome measure) but two patients recovered from their attack of weakness with bumetanide compared with none in the placebo group. There were no severe adverse events following 2 mg bumetanide intake. The negative results may have been contributed to by small sample size, prolonged limb immobilisation, rescue rather than preventive strategy and relatively low dose compared with the animal experiments. Further future research is still warranted to study the possibility of this drug for the treatment of HypoPP.

### Pregnancy and anaesthetic considerations {#Sec11}

Periodic paralysis attacks can worsen during pregnancy further exacerbated by withdrawal of treatment due to safety concerns. The use of acetazolamide in pregnancy is controversial. Animal studies suggested teratogenic effects \[[@CR100], [@CR101]\] but data from a large series of 101 women treated for intracranial hypertension covering 158 pregnancies showed no convincing evidence for adverse effects even when used before the 13th week of gestation (documented in 50 pregnancies) \[[@CR102]\]. Less is known about dichlorphenamide but in general, metabolic acidosis can potentially affect fetal bone growth and fetal development. For labour and surgical intervention, similar advice as for myotonia exists with minimising length of inactivity, maintaining normothermia and meticulous attention to potassium levels all important factors \[[@CR103]\]. Perioperative management of stress and anxiety may reduce the risk of attacks. Succinylcholine is contraindicated in HyperPP as it can trigger myotonic symptoms and hyperkalaemia. Short-acting non-depolarising neuromuscular blocking agents are preferable for all types of periodic paralysis and in HyperPP in particular anticholinesterases are avoided because of the risk of exacerbation of myotonia. Intravenous dextrose in HyperPP is useful to cover the fasting period while large carbohydrate loading should be avoided in HypoPP. Based on a couple of case reports of malignant hyperthermia reactions in patients with HypoPP, it is advisable to use malignant hyperthermia trigger-free anaesthetics \[[@CR104]\]. ECG monitoring is essential for all periodic paralysis patients but in particular for ATS.

### Emergency therapy {#Sec12}

Among the muscle channelopathies, HypoPP and ATS patients are most likely to present to the emergency department with hypokalaemia-related paralysis. To abort an acute attack in HypoPP and ATS associated with hypokalaemia, oral K^+^ at a dose of 0.5--1 mEq/kg up to 200 mEq/24 h can be given. In the majority of cases, oral and non-slow-release formulations are preferrable \[[@CR10]•\]. Intravenous potassium up to maximum of 20 mEq/h using a non-glucose or saline containing solution (e.g. mannitol) should be restricted to cases with severe arrhythmias or respiratory compromise and requires potassium and ECG monitoring. It is important to remember that hypokalaemia during a HypoPP attack is due to a shift of the potassium from the extra- to the intracellular compartment. Patients therefore are not potassium deficient and inducing hyperkalaemia is a particular risk with aggressive replacement therapy especially if there is inadequate monitoring of serum potassium levels and ECG changes.

Inhaled beta-agonists such as salbutamol have been used to treat HyperPP attacks as well as standard intravenous potassium lowering treatment involving glucose and insulin \[[@CR105], [@CR106]\].

Conclusion {#Sec13}
==========

Treatment options for skeletal muscle channelopathies have expanded over time facilitated by our increased understanding of the underlying pathophysiology. The lack of Level I evidence for many agents is perhaps not surprising given the rarity of these conditions but newer approaches to trial designs are promising. Patients are best looked after by specialists in neuromuscular conditions but a good relationship with primary care physicians is essential to achieve optimal care and monitoring of their condition and their treatment. Management during pregnancy continues to be suboptimal due to lack of evidence for safety for most drugs. A number of clinical questions remain unanswered such as whether periodic paralysis attack prevention reduces the incidence or severity of permanent muscle weakness later in life, and the direct comparison between drugs (i.e. acetazolamide versus dichlorphenamide) and whether combination therapy is better than the use of single agents.
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